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Abstract 
We report an experimental demonstration of thermal tuning of resonance frequency in a planar 
terahertz metamaterial consisting of a gold split-ring resonator array fabricated on a bulk single 
crystal strontium titanate (SrTiO3) substrate. Cooling the metamaterial starting from 409 K down 
to 150 K causes about 50% shift in resonance frequency as compare to its room temperature 
resonance, and there is very little variation in resonance strength. The resonance shift is due to 
the temperature-dependent refractive index (or the dielectric constant) of the strontium titanate. 
The experiment opens up avenues for designing tunable terahertz devices by exploiting the 
temperature sensitive characteristic of high dielectric constant substrates and complex metal 
oxide materials. 
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Metamaterials have attracted great attention of physicists and engineers as they can be used to 
fabricate devices with novel functionalities over a large electromagnetic spectral domain. Split-
ring resonators (SRRs) [1] form the most important component of metamaterials, resonantly 
coupling with the incident electric and/or magnetic fields and possessing the key characteristic of 
being much smaller in size than their resonance wavelength. Therefore, SRRs have tremendous 
potential to be considered as fundamental elements suitable for miniaturization of planar 
microwave, terahertz (THz) and optical devices such as notch filters, sensors, and antennas [2-4]. 
However, in order to fully exploit the exotic properties they offer and to extend functionality of 
metamaterial devices, we need to have active or dynamic control over their resonances [5-8], 
which is of particular significance in the THz frequency band due to the severe lack of THz 
materials provided by nature. Recently, frequency tunability of THz metamaterials has been 
explored, for instance by incorporating semiconductors [8,9], insulator-to-metal transition films 
[10-11], and superconducting metamaterials [12,13], which are accomplished by using external 
stimuli such as thermal, optical excitation, and electric and magnetic fields. In all these cases the 
frequency tuning of metamaterial resonance is accompanied with a large variation of resonance 
strength, which is undesirable and caused by the damping from the substrate or metamaterial 
elements. 
 
In this letter, we report an experimental demonstration of thermally tuning the frequency of the 
fundamental metamaterial resonance by up to 50%, as compared to its resonance frequency at 
room temperature. This is accomplished by the temperature-dependent refractive index (or the 
dielectric constant) of the bulk single crystal strontium titanate (SrTiO3 or STO) substrate, where 
the metamaterial resonance strength does not suffer significant variation. STO has attracted 
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growing attention for the next generation oxide electronics since it exhibits unique electrical 
properties [14], which can be easily engineered by appropriately substituting dopants and 
controlled by temperature or electrical bias. Due to its crystalline structure and chemistry 
compatibility, commercially available single crystal STO is being widely used to grow 
heteroepitaxial films of many perovskite oxides such as high temperature cuprate 
superconductors and manganates. STO is also being seen as a prospective material for use in the 
radio and microwave frequency devices due to its high and tunable dielectric constant and low 
loss. In this experiment, we demonstrate for the first time that bulk single crystal STO can be 
used for designing frequency agile THz metamaterials by tuning its refractive index with 
temperature. 
 
The metamaterial was fabricated as a planar square array of subwavelength 200-nm-thick gold 
electric SRRs [2] on a 533-μm-thick single crystal (100) oriented STO substrate, as shown in 
Fig. 1, using conventional photolithography, electron beam metal film deposition, and lift-off 
process. The geometrical dimensions of the SRR unit cell are shown in the inset of Fig. 1. Under 
normal incidence, the metamaterial was characterized as a function of temperature using a THz 
time-domain spectroscopy (TDS) system [15] incorporated with a continuous flow liquid helium 
cryostat. It utilizes a 1 kHz regeneratively amplified Ti:sapphire near-infrared femtosecond laser 
for THz generation and detection using ZnTe crystals via optical rectification and the electro-
optic effect. By Fourier transforming the pulsed THz time-domain signals transmitted through 
the metamaterial sample and a bare STO as the reference, the normalized transmission amplitude 
spectra are extracted as their ratio, t(ω) = |Es(ω)/Er(ω)|, where Es(ω) and Er(ω) are for the sample 
and reference, respectively.  
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Figure 2(a) shows the measured time-domain waveforms of the transmitted THz pulses through 
the metamaterial sample and the reference at different temperatures, where the few-cycle 
oscillating tails indicate a resonant response of the metamaterial. The THz pulse is delayed by 
4.5 ps in time as the sample is cooled down from 409 K to room temperature (295 K). It is 
further delayed by 7.3 ps and 7.7 ps respectively as the temperature decreases from 295 K to 200 
K and from 200 K to 150 K. The total change of time delay between 409K and 150 K is about 
19.6 ps, which can be used to estimate the change of refractive index approximately n ≈ 11 of 
the STO. This is in good agreement with the measured temperature-dependent refractive index of 
a bare STO shown in Fig. 3(a), which is obtained at different temperatures from THz-TDS 
measurements [16] and is 14.8 at 409 K and 28.8 at 150 K, giving a change of refractive index 
n = 14. It is worth noting that the increasing high refractive index of STO also results in higher 
insertion loss in THz transmission at lower temperatures, as indicated by smaller magnitude of 
overall transmitted THz pulses for both the metamaterial and the reference. This, however, may 
be alleviated for example by using metamaterial antireflection coatings [17]. 
 
The normalized THz transmission amplitude spectra are shown in Fig. 2(b) at the corresponding 
temperatures. At all these temperatures, the metamaterial exhibits a strong transmission dip due 
to the resonant excitation of circulating currents by the incident THz electric field [2]. The 
resonance experiences a gradual red shift from 0.223 THz at 409 K to 0.128 THz at 150 K. The 
total frequency shift in resonance is 95 GHz, which is about 50% of the resonance frequency at 
room temperature (0.194 THz). This is due to the temperature dependent refractive index of the 
STO, which is shown in Fig. 3(a) and reveals an increasing refractive index with decreasing 
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temperature. Since the fundamental resonance frequency of SRRs is approximately given by ω0 
= (LC)-1/2, where L is the loop inductance and C is the gap capacitance, the latter is directly 
proportional to the dielectric constant ε = n2 (when the loss is negligible) of the STO, i.e. ω0 ~ 
1/n. This is verified by the plots shown in Fig. 3(b), where excellent agreement is achieved in the 
temperature dependence of the resonance frequency ω0 and the inverse of refractive index 1/n 
taken at the corresponding resonance frequencies.  
 
In contrast to other frequency tuning methods [8-13], here the resonance strength shows very 
little variation as suggested by the similar values of transmission minimum as well as quality 
factor. In our experiments the loss tangent of the STO, which is about 0.02 at 0.2 THz, largely 
does not change with temperature. Further tuning the metamaterial resonance with lower 
temperatures is prevented due to the following two reasons. First, the resonance is expected to 
shift further to lower frequencies, beyond the measurement capability of our THz-TDS system. 
Second, the refractive index of the substrate continues to increase rapidly [18] due to the phase 
transition so that the transmission signal becomes too small, as indicated by the time-domain 
THz signal shown in Fig. 2(a) with decreasing temperatures. This might be overcome by using 
STO thin films and only loading STO at the critical regions at SRRs, which has been 
demonstrated in the microwave frequency range where an electrical tuning of metamaterial 
resonance was accomplished [19]. It should be also noted that the compatibility of STO (both 
bulk and thin film) with other complex metal oxides such as high temperature superconducting 
metamaterials [12] can open multi-functional THz metamaterial devices where the resonance can 
be also controlled through various approaches. 
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In summary, we have measured in the THz frequency range the resonant behavior of a planar 
gold SRR array fabricated on single crystal bulk STO when varying the temperature. We 
observed 50% resonance frequency tuning without significant variation of resonance strength. 
The resonance tuning occurs due to the temperature-dependent refractive index (or the dielectric 
constant) of the STO. Such a thermal tuning of metamaterial resonance using STO and 
ferroelectric materials will enable the integration of metamaterials with other complex metal 
oxides and resonance tuning approaches to realize multi-functional THz metamaterial devices.  
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Figure Captions 
 
Fig. 1 Microscopic image of a metamaterial consisting of a 200-nm-thick gold electric split-ring 
resonator array fabricated on a strontium titanate substrate. The inset is an individual unit cell 
with dimensions shown.  
 
Fig. 2 (a) THz pulses measured in the time-domain after transmitting through the metamaterial 
sample (red solid) or a bare strontium titanate substrate as the reference (blue dashed) at various 
temperatures. The curves at different temperatures have been vertically translated for clarity. (b) 
The corresponding normalized THz transmission amplitude spectra through the metamaterial. 
 
Fig. 3 (a) Experimentally measured refractive index n of the strontium titanate substrate by THz 
time-domain spectroscopy at various temperatures. (b) A comparison between the resonance 
frequency 0 and the inverse of refractive index indicating 0 ~ 1/n. The values of n have been 
taken from (a) at the corresponding metamaterial resonance frequencies. 
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